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Linear and quadratic piezoelectric coefﬁcients of wurtzite III–V (GaP, InP, GaAs and InAs)
semiconductors are calculated using ab-initio density functional theory. We show that the
predicted magnitude of such coefﬁcients is much larger than previously reported and of the
same order of magnitude as those of III-N semiconductors. In order to show the applicability of
wurtzite III–V semiconductors as piezoelectric materials, we model the bending distortion
created on a nanowire by an atomic force microscope tip. We calculate the dependence of the
piezoelectric properties of both homogeneous and core shell wurtzite III–V semiconductor
structures on the induced deﬂection. We show that a number of combinations of III–V materials
for the core and the shell of the nanowires can favor much increased voltage generation. We
observe the largest core voltages in core/shell combinations of InAs/GaP, InP/GaP, GaP/InAs
and GaP/InP which are predicted to be 3 orders of magnitude larger than the typical values of
73 V in homogeneous nanowires. Also considering properties such as voltage generation,
bandgap discontinuity and mobility, III–V wurtzite core–shell nanowires are candidates for high
performance components in piezotronics and nanogeneration.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/3.0/).Introduction
Piezoelectricity in III–V and II–VI semiconductors is a well-
known phenomenon that has recently gained strong interest
in the ﬁeld of Piezotronics [1]. The fundamental paradigm014.11.046
hed by Elsevier Ltd. This is an op
/by/3.0/).
13064724.
hester.ac.uk (J. Pal).of this recent ﬁeld of research is the exploitation of strain
induced piezoelectric (PZ) polarization in semiconductor
nanostructures to develop unique electronic devices in
optoelectronics [2], mechanical sensing [3], piezoelectric
transducers [4], transparent conductors [5] and energy
harvesting nanogenerators (NGs) [6].
As piezoelectricity is a deformation induced process, the
need for highly ﬂexible devices requires nanostructured mate-
rials. The most commonly used nanostructure in piezotronicen access article under the CC BY license
383PZ ﬁeld enhancement in CSNWsdevices is the nanowire (NW) [1]. To date most of the
aforementioned applications have been realized using ZnO
NWs. However there are many other PZ semiconductors that
could be utilized as piezotronic materials.III–V Nanowires
NWs made from III–V semiconductors [7], with excellent control
over dimensions and compositions, can be now routinely grown
by metal organic chemical vapor deposition MOCVD [8] or
molecular beam epitaxy (MBE) using a vapor liquidsolid
method with gold as catalyst, allowing for NWs containing
many variations and combinations of different materials. NWs
in this case are vertically grown, epitaxially on a lattice
mismatched semiconductor substrate. Depending on the sub-
strate orientation both zincblende (ZB) and wurtzite (WZ)
crystal structures are possible.
Moreover, NWs can be grown on other substrates such as
glass, metals and polymers [9]. Glass substrates are a very
attractive alternative to semiconductor substrates, because
of availability, transparency and cost. On the other hand,
the amorphous state of the substrate and the presence of
impurities cause limitations to growth on a glass surface.
Nevertheless defect free ZB GaAs NWs grown on glass
substrates by using a horizontal MOVPE process involving
trimethylgallium and tertiarybutylarsine at growth tem-
peratures of 410–580 1C have been found to exhibit bright
photoluminescence emission which implies good crystal
quality [9].
The stability of crystals varies notably when overall
dimensions approach the nanometer scale. In fact, with
smaller sizes, the energy present on the nanostructure's
surface takes greater signiﬁcance in assessing the overall
free energy change in the crystal formation [10]. Previous
research indicates that lower surface energy is seen in WZ
crystals as compared to the ZB lattice [11]. From this, it can
be postulated that once the surface area of the WZ
nanostructures reaches a particular proportion in relation
to volume, thermodynamic conditions may become favor-
able. In support of this view, a number of experimental
works [12–17], using epitaxy or catalysis driven vapor–liquid–
solid growth, has resulted in WZ single-crystal NWs. The
nanostructures created show optoelectronic parameters
different to those usually seen in the equivalent ZB bulk
lattices [18–20]. As an example of this, NWs consisting of
GaP in the WZ phase shows direct bandgap as opposed to the
indirect bandgap typical of the ZB phase [13]. Based on
improvements in terms of creating suitable alloys, there is
potential for WZ NWs being used even in the silicon system
as effective and ecological emitters [10]. This is with the
provision that surface-based non-radiative recombination is
avoided as far as possible by means of appropriate passiva-
tion of the surface or with a sufﬁciently large NW diameter.
A limitation exists however in the maximum diameter that
ensures crystal stability in the WZ phase. Instability leads to
the development of the nanostructure into mixed hexagonal
and cubic lattices [11,21,22] (also known as polymorphism)
which create discontinuities in the band proﬁle and hence
places restrictions in terms of electro-optical performance.
Work conducted with III-As and III-P shows that only if the
material is synthesized as NWs, a defect free WZ phase canbe obtained [23]. Crystalline structural alteration accom-
panies electronic structural change. Previous hypotheses
suggested that the ZB phase would align as a type II band
with the WZ phase when utilized in III–V semiconductors
[24]. In more recent studies, there is evidence of type-II
band alignment for InP NWs [25,26] giving rise to crystal-
phase quantum-dot formation [27]. A broad variation of
band edges, from 1.43 eV to 1.54 eV is observed when
measuring luminescence of GaAs NWs with a predominant
WZ phase [28–30,12,27,31] showing how the interplay
between the ZB and WZ sections affects the homogeneity
of the band edges, occasionally forming quantum conﬁned
regions due to the different line-ups of the two crystal
phases.Core shell nanowires
MBE or MOCVD has enabled the preparation of NWs combin-
ing two or more compounds, leading to the formation of
heterostructures. Such NWs fall into two main categories:
radial and axial, based on the chosen growth method of the
compound [32].
While axial NWs [33–35] are easily synthesized by chan-
ging the growth conditions and material supply during their
formation (e.g. through one-dimensional modulation of the
NW composition [34–36] and doping [33]), radial NWs,
commonly referred to as core–shell NWs (CSNWs) [32],
require a two-step process involving the synthesis of the
core ﬁrst followed by coating with the shell material. This
process can be repeated several times to obtain multi-shell
structures.
CSNWs have a range of potential applications and are not
restricted to III–V semiconductors. Those based on e.g.
Group IV [37–42] are motivated by the predicted enhanced
performance of nanophotonic and nanoelectronic devices
[43], while II–VI compounds like CdSe and ZnTe [44] are ideal
for achieving high optical performance together with energy
harvesting ability. Finally III–V semiconductor based CSNWs
[45–49] have been explored as enhanced light-emitting and
laser diodes [50,51] photovoltaics [52] and high-current
battery electrodes [53].
The WZ CSNW system with an epitaxial interface provides
e.g. an attractive way to explore the effect of piezo-
phototronic in energy harvesting system, GaN/InGaN CSNWs
LEDs have rivaled planar InGaN single quantum-well LEDs
[54]. The composition and thickness of InGaN in planar
devices [54] can be limited by the lattice mismatch strain.
However, a NW structure provides pathways to lateral strain
relaxation that often preserve coherence and prevents
defect formation. A core/multishell NW was reported by
Qian et al. [55,56] where both electron and hole carriers
were conﬁned into the InGaN shell permitting an external
quantum efﬁciency of 5.8% at 440 nm and 3.9% at 540 nm
and a tunable emission in the range of 365–600 nm.
In general, CSNW systems offer many advantages when
compared to their homogeneous NW counterparts. The
more notable advantages include; ﬁrstly, the ability to
regulate surface impurities and surface states, which are
normally found in the vast majority of nanoscale structures
[38,41]. Secondly, the semiconducting NW core can be
isolated from the substrate inhomogeneity [33]. Lastly and
H.Y.S. Al-Zahrani et al.384mostly notably, the realizations of quantum conﬁnement of
carriers within the core by cladding with a larger bandgap
shell [37,38].
The rationale for using the shell material to signiﬁcantly
improve the optical and electrical properties of the nanos-
tructure through passivation of the free core surface, has
been veriﬁed in ZB GaAs/AlGaAs CSNWs [57] and wide band
gap InP shells on InAs cores [58–60]. Furthermore enhanced
carrier mobility is observed in InAs NWs when covered with
InP shells [58]. In CSNWs strain effects are different from
conventional 2D heterostructured semiconductors. Niquet
[61,62] studied the electronic properties of InAs NWs
embedded in a GaAs shell, showing that the strain relaxa-
tion of the InAs layers are limited by the GaAs shell yet the
hydrostatic strain distribution is homogenized. Conse-
quently, the formation of strain-induced surface well in
the conduction band is prevented and the electron wave
functions are more conﬁned to the core material.Piezoelectricity in III–Vs
While the NWs described so far have several applications as
optoelectronic devices, not all material systems and crystal
structures are strongly PZ and exploitable in Piezotronic
devices. Generally III–V semiconductors in the WZ phase
(e.g. III-N) have a larger PZ response compared to ZB
crystals (e.g. III-As). Furthermore the polar axis of WZ
crystals is typically parallel to the growth direction, unlike
the [111] polar axis of ZB materials [63].
All WZ III–V semiconductors, under strain, would lead to
the generation of electric dipoles and a resultant PZ ﬁeld
along the polar axis [0001] of the crystal. One would assume
that all III–V semiconductors, if synthesis as stable WZ
crystals rather than ZB was possible, would result in large
PZ coefﬁcients. This was reported not to be true by
Bernardini et al. [64] who found e.g. WZ InP, GaP, InAs
and GaAs to have PZ coefﬁcients one order of magnitude or
more smaller than those of the III-N materials.
The question that we intend to answer in this work is
whether such WZ NWs, in addition to favorable optical
properties, also possess electrical properties and a PZ
response that would be sufﬁciently large to allow the use
of these materials in piezotronic devices and NGs.Table 1 Calculated and measured physical parameters for WZ
our calculated values and other calculated/experimental ones a
Parameters GaP InP
a (Å) 3.789 (3.759 [84])exp. 4.115 (4.054[8
c (Å) 6.253 (6.174[84])exp 6.753 (6.625[8
u 0.371 (0.374[84]) 0.374 (0.375[8
C33 (GPa) 1.722[87] 1.438[87]
C13 (GPa) 0.468[87] 0.386[87]
Psp (C/m
2) 0.004 (0.003[78])th 0.001 (0.001
e33 (C/m
2) 0.48 (0.07[64])th 0.59 (0.04[64])
e31 (C/m
2) 0.26 (0.03[64])th 0.24 (0.02
e311 (C/m
2) 1.64453 1.64704
e333 (C/m
2) 2.89973 2.64647
e313 (C/m
2) 1.08261 0.83724Piezoelectricity in semiconductors has long been treated
as a linear effect in the strain. Non-linearity has instead
been recognized to have a signiﬁcant magnitude in ZB III–V
[65–67] WZ III-N [68,69] and ZnO [70] semiconductors.
However, in the WZ crystal phase, for some III–V semicon-
ductors, second-order PZCs have not yet been reported,
making it difﬁcult to assess the inﬂuence of non-linear
piezoelectricity in NWs and CSNWs.
To resolve the issue of calculating the spontaneous and
strain-induced PZ effect in WZ structures, we report the
quadratic piezoelectric coefﬁcients (PZCs) of four III–V
semiconductors, namely GaP, InP, GaAs and InAs, and show
the magnitude of such coefﬁcients is vital and non-
negligible in any calculation of the polarization ﬁeld. We
also performed calculations on the properties of III–V CSNWs
grown in (0001) direction.Evaluation of linear and non-linear
piezoelectric coefﬁcients
In order to evaluate the linear and non-linear piezoelectric
coefﬁcients (LPZCs and NLPZCs) we use the same method
[71] that was proved accurate when calculating the NLPZCs
of ZnO [72], III-N [68,69] and III-As [65,66]semiconductors.
The method, based on Harrison's formalism [72] involves a
semi-empirical approach where PZ charges are the sum of a
bond and a direct dipole contribution. In the model,
Harrison's effective charge is always determined such that
when the bond polarity and the elastic deformation are
computed within small strain limits, the PZCs tend towards
known experimental values [71].
Model data was used in the evaluation of the PZCs and
obtained via plane-wave pseudopotential (the Troullier–
Martin approach [73] was used for pseudopotential), with
density functional theory with local density approximation
(DFT–LDA) [74] and density functional perturbation theory
(DFPT) via the Hamann approach [75] in the CASTEP code
[76]. The Berry phase approach [77], applying a ﬁnite
electric ﬁeld perturbation within periodic boundary condi-
tions, was also used. DFT calculated equilibrium values are
given in Table 1 for WZ III-P and WZ III-As along with the
values of the effective charge (Zn), the resulting bondIII-P and III-As used in the calculations. Comparisons between
re given in brackets.
GaAs InAs
5])th 3.928 (3.912[86])th 4.248 (4.192[85])th
5])th 6.482 (6.440[86])th 6.969 (6.844[85])th
5]) 0.3712 (0.374[86]) 0.374 (0.376 [85])
1.602[87] 1.209[87]
0.334[87] 0.321[87]
[78])th 0.002 (0.002[78])th 0.001 (0.001[78])th
th 0.32 (0.12[64])th 0.51 (0.03[64])th
[64])th 0.17 (0.06[64])th 0.26 (0.01[64])th
0.87939 1.83548
1.61433 2.75858
0.5155 0.9449
385PZ ﬁeld enhancement in CSNWspolarity (αp) and the much smaller Harrison's effective
charge (ZnH).
The linear and quadratic parameters e33, e31, e311, e333
and e313 are obtained when the DFT data for the strained
crystal is ﬁtted to the following equation:
PTot ¼ Pspþe33ε? þ2e31ε==þe311ε2==þe311ε2? þe313ε==ε? ð1Þ
For all four materials listed, the values of ZnH were ﬁtted
to experimentally known linear parameter of the ZB phase,
as no experimental values can be found for the WZ phase.
The NLPZCs that we obtained are listed in Table 1. The ﬁrst
notable prediction contained in the model data is that
smaller values of the spontaneous polarization (Psp) are
predicted compared to those of other WZ semiconductors
[71]. However, for the same materials, such reduced values
are instead well matched to calculated values [78] using the
Berry phase (electrostatic) approach of polymorphic struc-
tures with mixture of WZ and ZB [78]. Furthermore Psp is
positive for the case of III-P and III-As, in both the calcula-
tions of Belabbes et al. [78] and in our work (with the only
exception of InP which has an opposite sign though is very
small in magnitude). The similarity between the values of
Psp obtained through independent methods by Belabbes
et al. [78] and us, provides further conﬁdence in Harrison's
method. Very recent experimental work on WZ GaAs NWs by
Bauer et al. [79] reported the Psp value to be in the same
range (0.002770.0006 C/m2) as our predicted value
(0.002 C/m2). Since in our method the framework to
evaluate Psp and the PZCs is consistent, we can also draw
conﬁdence in the validity of our predictions for e31 and e33.
The second notable prediction is that the coefﬁcients e33
and e31 (Table 1), which were originally predicted to be
negligible [64] are instead sizeable and not very dissimilar
to those of the III-N systems (e.g. in GaN e31=0.55 C/m2,
e33=1.05 C/m
2) [68], albeit slightly smaller (roughly half).
It is also worth noting here that these results appear to
always differ in sign from the published values by Bernardini
and Fiorentini [64], which is most likely due to having used a
different convention for the [0001] crystal direction.
The most notable conclusion is that contrary to what was
commonly believed WZ III-As and III-P semiconductors
appear to possess linear PZ properties that are comparable
with WZ III-N semiconductors and that hence can too beFigure 1 AFM Tip Lateral Deﬂection of nanowire where (R), is th
diameter of the NW and the deﬂection caused by the AFM tip is (d)
NW, (Hþ ) and (H ) lengths of the NW on the tensile and compressexploited as materials for piezotronics and NGs. In the next
section we will show that the ﬂexibility in alloying, elec-
trical and electronic properties and compatibility of the III-P
with III-As materials can offer properties that can even
surpass those of III-N semiconductors.Modeling AFM tip lateral deﬂection
An atomic force microscope (AFM) tip is often used to both
provide deﬂection to a NW and measure its electrical
properties. Tensile and compressive strains on either side
of a single NW are a result of the tip induced mechanical
force applied. By modeling the AFM tip induced deﬂection
and predicting the resulting piezoelectric polarization we
can quantify the effect of the LPZCs and NLPZCs on the PZ
ﬁeld and voltage. We show the polarization on a cross
section of the NW, making the approximation that subject-
ing the NW to a bending force deforms the cylindrical shape
into an arch with constant curvature (Figure 1).
The quantities that are needed as input are the radius of
curvature (R), the length of the NW (H), the diameter of the
NW (D) and the deﬂection caused by the AFM tip (d). If we
assume that θ is the angle that subtends the arch formed by
the deformed NW, then its undeformed length (H) is given by
H¼ Rθ ð2Þ
while the increased (Hþ ) and decreased (H ) lengths of the
NW on the tensile and compressed ends would be given by
H7 ¼ R7ΔRð Þθ ð3Þ
where ΔR is exactly equal to the radius of the nanowire (D/2).
With reference to Figure 1, and since θ is typically small (limit
of small deﬂection), we can expand the expression for the
deﬂection (d) to O N3
 
, resulting in
d ¼ RR cos θ¼ R 1 cos θð ÞﬃR 11þ θ
2
2
 
¼ R θ
2
2
¼ H
θ
θ2
2
¼ Hθ
2
ð4Þ
from which
θﬃ 2d
H
ð5Þe radius of curvature, (H) is the length of the NW, (D) is the
. θ is the angle that subtends the arch formed by the deformed
ed.
Figure 2 Comparison of the total polarization in WZ homogeneous and core–shell nanowires (CSNWs) when deﬂected by AFM tip.
The ﬁrst row resembles the homogeneous III-As and III-P nanowires having 1 mm length and 0.5 mm diameter in dimensions with an
AFM tip deﬂection range of 0–360 nm. While the second, third and fourth row are the different combinations of CSNWs. Typical CSNW
dimensions are of 1 mm length and core/shell diameter of 0.25 mm/0.5 mm with a 360 nm deﬂection.
H.Y.S. Al-Zahrani et al.386which when used in combination with Eq. (2), gives:
Rﬃ H
2
2d
ð6Þ
Eqs. (5) and (6), in conjunction with Eq. (3), give the
expressions for the tensile and compressive strain deformed
lengths of the NW:
H7ﬃ H
2
2d
7
D
2
 !
2d
H
¼ H7dD
H
 
ð7Þ
Eq. (7) depends solely on the diameter (D) and length (H) of
the Nanowire and the applied AFM tip deﬂection (d). Thestrain along the NW, in the direction [0001] is easily calculated
using Eq. (7):
e? ¼
H7H
H
ﬃ 7dD
H2
 
ð8Þ
While the in-plane component (assuming that the unit cell
preserves the volume elastically), is given by
e J ¼ e?
C33
2C13
ð9Þ
where C33 and C13 are the elastic constants of the material,
given in Table 1.
387PZ ﬁeld enhancement in CSNWsHomogeneous and core shell nanowires
We have performed AFM tip deﬂection calculations for III-As
and III-P homogeneous NWs using the method described
above. The NWs with dimensions of 1 mm length and 0.5 mm
diameter are subjected to an AFM tip deﬂection range of 0–
360 nm. The effect of varying deﬂection on the polarization
of a cross section of a NW or CSNW is shown in Figure 2. We
assume that the polarization varies when moving from the
compressive (bottom of each graph) to the tensile side (top
of each graph), but not in the orthogonal direction, so that a
1D line of data is fully representative of the polarization over
the 2D cross section. As expected, for all four cases of
homogeneous III-As and III-P NWs shown, the PZ polarization
is enhanced with increasing deﬂection, as illustrated in the
ﬁrst row of Figure 2. For the largest deﬂection of 360 nm, the
predicted maximum polarization values for all combinations
of GaAs, InAs, InP and GaP CSNWs range from 0.23 C/m2 at
the compressed end of the section, to +0.33 C/m2 at the
tensile end and are in the same order but smaller than those
of III-N NWs of equivalent dimensions and for similar deﬂec-
tions. As an example, when a homogeneous GaN nanowire
undergoes a deﬂection of 360 nm, polarization values of
0.27 C/m2 (compressed region) and +0.81C/m2 (tensileTable 2 Calculated values of the total polarization (C/m2)
in different WZ homogeneous nanowires comprising GaAs,
InAs, GaP and InP in comparison with GaN nanowire when
subjected to an AFM lateral tip deﬂection of 360 nm.
Material system Total polarization (C/m2)
Tensile Compressed
InP 0.32 0.22
GaP 0.28 0.23
InAs 0.33 0.20
GaAs 0.28 0.13
GaN 0.81 0.27
Table 3 Total polarization and their difference (in %) using W
compared with homogeneous NWs at 360 nm deﬂection at both
Material system
(core|shell)
Tensile end
CSNW
polarization
(C/m2)
Homogeneous
polarization
(C/m2)
Diff
(in
GaP|InAs 0.13 0.33 60
GaP|InP 0.17 0.32 45
GaAs|InAs 0.19 0.33 44
GaAs|InP 0.24 0.32 25
GaP|GaAs 0.21 0.28 23
GaAs|GaP 0.22 0.28 23
InP|InAs 0.26 0.33 20
InAs|InP 0.38 0.32 21
InP|GaAs 0.36 0.28 29
InP|GaP 0.42 0.28 49
InAs|GaAs 0.44 0.28 61
InAs|GaP 0.48 0.28 68regions) are predicted. In Table 2, we show the comparison
between all the strain induced polarizations in different III-As
and III-P NWs when deﬂected by 360 nm.
All possible combinations of GaAs, InAs, InP and GaP
CSNWs, using typical NWs dimensions (1 mm in length and a
core/shell diameter ratio of 0.25 mm/0.5 mm), are sub-
jected to the same deﬂections of 0–360 nm as the homo-
geneous NWs. The predicted strain induced polarizations
are shown in the second, third and fourth row of Figure 2.
Considering the case of an InP/GaAs CSNW, a hypothetical
situation since very few defect free monolayers can be
typically grown due to strain, in the absence of any deﬂection,
then the tensile perpendicular strain would be around 4% with
a typical compressive parallel strain of around 10%. Then the
inherent strain due to the heterostructured growth of the
CSNWs produces a much stronger polarization compared to the
case where the whole NW was made homogeneously of the
shell material. As an example, for a deﬂection of 360 nm, the
total polarization of an InP/GaAs CSNW is increased by 29% at
the tensile end of the shell and reduced by 13% (making it less
negative) at the compressed end of the shell. In Table 3, we
have compared the strain induced polarization and their
difference compared to the case where the whole NW was
made homogeneously of the shell material (in %), for all the
different combinations of GaAs, InAs, InP and GaP CSNWs
It is obvious that there are a number of combinations
where there is an advantage in using a CSNW structure,
namely core/shell combinations of InAs/GaAs, InP/GaAs, InP/
GaP, InAs/InP and InAs/GaP where the total polarization is
increased by 20–68% at the tensile end and reduced by 13–60%
(making it less negative) at the compressed end of the shell.
The rest of the core/shell combinations (GaP/InAs, GaP/InP,
GaAs/InAs, GaAs/InP, GaP/GaAs, GaAs/GaP, InP/InAs) can
provide even more negative polarization by 20–60% at the
tensile end and 7–30% at the compressed end. However not all
are possible under experimental conditions due to very high
lattice mismatch/strain making it extremely challenging to
grow such structures. Alloy combinations in the shell are
potentially more favorable as they would allow for muchZ CSNWs for all combinations of GaAs, InAs, GaP and InP
tensile and compressive ends.
Compressed end
erence
%)
CSNW
polarization
(C/m2)
Homogeneous
polarization
(C/m2)
Difference
(in %)
0.26 0.20 29
0.28 0.22 28
0.25 0.20 22
0.25 0.22 16
0.14 0.13 7
0.28 0.23 20
0.23 0.20 11
0.19 0.22 15
0.11 0.13 13
0.13 0.23 43
0.09 0.13 32
0.09 0.23 60
Figure 3 Comparison of calculated output piezoelectric voltage from WZ core–shell nanowires (CSNWs) when laterally deﬂected
4 nm by AFM tip. Typical CSNW dimensions are of 1 mm length and core/shell diameter of 0.25 mm/0.5 mm.
H.Y.S. Al-Zahrani et al.388reduced strain during growth. Experimentally a typical alloy
composition of 4–45% [80–82] for InGaAs/GaAs CSNW is
reported in literature, whose crystal quality is demonstrated
by high optical performance.
We also calculated the piezoelectric voltage, which is the
important quantity for piezotronics applications, and com-
pared all combinations of GaAs, InAs, InP and GaP CSNWs (with
dimensions, 1 mm in length and a core/shell diameter ratio of
0.25 mm/0.5 mm), at 4 nm deﬂection (Figure 3). The largest
core voltages are predicted for the core/shell combinations
InAs/GaP (1725 V), InP/GaP (1246 V), GaP/InAs (+1034 V)
and GaP/InP (+912 V), which are much larger than the values
for typical homogeneous NWs (73 V). While we observe strong
negative voltages (1725 V to 420 V) in InAs/GaP, InP/GaP,
InAs/GaAs, GaAs/GaP, InP/GaAs and InAs/InP, swapping the
core and shell materials yields strong positive voltages
(+335 V to +1034 V) in InP/InAs, GaP/GaAs, GaAs/InP,
GaAs/InAs, GaP/InP and GaP/InAs CSNW combinations.
However the absolute values of the voltage in the core or
shell are not necessarily the important quantity when con-
sidering NWs as the power source in a NG. In fact what is
important is the aptitude to change such voltage when
deformed. In Table 4 we show both the core and shell voltages
(in V) at a typical deﬂection of d=4 nm, at the tensile and
compressed ends. We also show the differences in voltage for
4 nm and 0 deﬂection. The largest differences, which can
related to voltage generation in NGs, are in the order of73 V
for InAs/GaP, InP/GaP and GaAs/GaP. The last four columns
provide comparison between the shell voltage of the core–
shell structure and a homogenous nanowire of the same
dimensions (1 mm in length and a diameter of 0.5 mm) madeof the shell or core material only. The best improvements are
found for InAs/GaP (+40.2% compared to InAs) and GaAs/GaP
(+48.3% compared to GaAs).
However, while considering CSNWs, we should also take into
account the electron mobility and bandgap of GaAs (8500 cm2
V1 s1, 1.42 eV), InAs (40,000 cm2 V1 s1, 0.35 eV), GaP
(250 cm2 V1 s1, 2.26 eV) and InP (5400 cm2 V1 s1,
1.34 eV). All the values of electron mobility and bandgaps are
given for the ZB crystal phase as the WZ phase properties are not
available [83]. Materials with higher electron mobility and lower
bandgap should be preferred in the core compared to the shell
material as they provide unique beneﬁts of higher conductivity
along with electron conﬁnement within the core. All the six
core/shell combinations of InAs/GaP, InP/GaP, InAs/GaAs, GaAs/
GaP, InP/GaAs and InAs/InP conform to the above criteria for
optimal CSNW structures while if switching the core and shell
material in such combinations can be beneﬁcial for applications
seeking higher resistivity. The combinations InAs/GaP and GaAs/
GaP have both increased voltage generation, high conductivity in
the core and conﬁnement between shell and core.Conclusions
In conclusion we have discussed the importance of piezo-
electricity in III–V semiconductors nanowires for applications
in piezotronics and nanogeneration devices. Piezoelectric
wurtzite III-V semiconductors, including laterally hetero-
structured semiconductors, as in core shell nanowires, are
now routinely grown using catalyst enabled MBE growth.
Table 4 Core and shell voltages (in V) at d=4 nm deﬂection, at the tensile and compressed ends. Differences are also given
between voltages at 4 nm and 0 deﬂection. The last four columns provide comparison between the shell voltage of the core–
shell structure and a homogenous nanowire of the same dimensions (1 mm in length and a diameter of 0.5 mm) made of the
shell or core material only.
Material
system
Core Shell Voltage difference between shell and
homogeneous NW
At deﬂection d=4 nm Voltage
Difference
from
(d=0 nm)
At deﬂection d=4 nm Voltage
difference
from
(d=0 nm)
Compressed
end
Tensile
end
Compressed
end
Tensile
end
InAs GaAs InP GaP
Core/shell
InAs/GaP 1724.45 1722.17 1.15 3.21 3.20 3.21 0.92
(40.2 %)
0.31
(10.7%)
InP/GaP 1245.85 1243.17 1.34 3.12 3.11 3.12 0.44
(16.4%)
0.22
(7.6%)
InAs/
GaAs
959.65 957.37 1.15 2.67 2.67 2.67 0.38
(16.6 %)
0.64
(31.5%)
InP/GaAs 452.51 452.25 1.34 2.36 2.35 2.36 0.33
(16.3%)
0.32
(11.9%)
InAs/InP 420.29 418.01 1.15 2.85 2.84 2.85 0.56
(24.5%)
0.17
(6.3%)
GaAs/
GaP
619.16 617.12 1.02 3.01 3.01 3.01 0.98
(48.3%)
0.11
(3.8%)
GaP/
GaAs
399.61 402.51 1.45 1.72 1.72 1.72 0.31
(5.3%)
1.18
(40.7%)
GaAs/
InAs
741.06 743.09 1.02 1.87 1.86 1.87 0.42
(18.3%)
0.16
(7.9%)
GaP/InAs 1031.17 1034.07 1.45 1.68 1.68 1.68 0.61
(26.6%)
1.22
(42.1%)
InP/InAs 331.91 334.59 1.34 2.11 2.10 2.11 0.18
(7.9%)
0.57
(21.3%)
GaAs/InP 526.57 528.60 1.02 2.47 2.46 2.47 0.44
(21.7%)
0.21
(7.8%)
GaP/InP 908.94 911.83 1.45 2.31 2.30 2.31 0.37
(13.8%)
0.59
(20.3%)
Homogeneous
InAs 2.29 2.29 2.29
GaAs 2.03 2.03 2.03
InP 2.68 2.68 2.68
GaP 2.90 2.90 2.90
389PZ ﬁeld enhancement in CSNWsIn order to assess the piezoelectric properties of core
shell nanowires made of wurtzite III-Vs we reported values
of the linear and quadratic piezoelectric coefﬁcients of
wurtzite GaP, InP, GaAs and InAs and show the magnitude of
such coefﬁcients is much larger than previously reported
and comparable with those of III-N semiconductors.
In order to evaluate the piezoelectric properties of wurtzite
III–Vs core shell nanowires we developed a model of the bending
distortion created on a nanowire by an atomic force microscope
tip induced deﬂection. We then analyzed a series of cross
sections of the NW, with increasing tip induced deﬂection,
assuming that subjecting to a bending force deforms the
cylindrical shape into an arch with constant curvature.
For the core shell nanowires we show that a number of
combinations of III–V semiconductors are favorable for muchincreased voltage in the nanowire. The largest core voltages
for a 4 nm deﬂection are predicted for the core/shell
combinations InAs/GaP (-1725 V), InP/GaP (-1246 V), GaP/
InAs (+1034 V) and GaP/InP (+912 V), which are much larger
than the values for a typical homogeneous nanowires (73 V).
Since materials with higher electron mobility and lower
bandgap would increase the nanowire conductivity in the core
region, the six core/shell combinations of InAs/GaP, InP/GaP,
InAs/GaAs, GaAs/GaP, InP/GaAs and InAs/InP satisfy these
criteria. Of these, also considering which ones are predicted
to have the largest voltage generation ability, InAs/GaP (an
increase of 40.2% compared to InAs) and GaAs/GaP (an increase
of 48.3% compared to GaAs) are predicted to be optimal
candidates for highly conductive piezotronics and nanogenera-
tion elements.
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